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Abstract A physical model was derived for the synthesis
of the antibiotic cephalexin with an industrial immobilized
penicillin G acylase, called Assemblase. In reactions
catalyzed by Assemblase, less product andmore by-product
are formed in comparison with a free-enzyme catalyzed
reaction. The model incorporates reaction with a heteroge-
neous enzyme distribution, electrostatically coupled trans-
port, and pH-dependent dissociation behavior of reactants
and is used to obtain insight in the complex interplay
between these individual processes leading to the sub-
optimal conversion. The model was successfully validated
with synthesis experiments for conditions ranging from
heavily diffusion limited to hardly diffusion limited, in-
cluding substrate concentrations from 50 to 600 mM,
temperatures between 273 and 303 K, and pH values
between 6 and 9. During the conversion of the substrates
into cephalexin, severe pH gradients inside the biocatalytic
particle, which were previously measured by others, were
predicted. Physical insight in such intraparticle process
dynamics may give important clues for future biocatalyst
design. The modular construction of the model may also
facilitate its use for other bioconversions with other
biocatalysts.
Introduction
Because biocatalyst costs are usually relatively important
in bioconversions, they are often immobilized to enhance
their stability and facilitate their reuse or continuous
utilization (Tramper et al. 2001). During a biocatalytic
conversion with an immobilized enzyme, the net fluxes of
substrates and products in and out the biocatalytic particles,
in case of a diffusion-controlled transport, are driven by
radial concentration gradients of the reactants. The local
steepness of these gradients is determined by a balance
between conversion rates and transport rates, therefore
depending on particle size, enzyme loading, particle
porosity, and intraparticle reactant diffusivity. As a result
of intraparticle reactant gradients, the immobilized biocat-
alyst operates at concentrations that differ from external
bulk liquid concentrations, which is often reflected in the
effectiveness factor of a biocatalytic particle. However, if
multiple reactions are involved, differences in reactant
diffusivities may additionally cause a shift in the relative
reaction rates, promoting or inhibiting wanted and
unwanted reactions. An example of a system in which
such phenomena are relevant is the Assemblase-catalyzed
cephalexin synthesis (Fig. 1).
Assemblase is an in-house biocatalytic particle of DSM
Anti-Infectives (Delft, The Netherlands). It contains
immobilized penicillin G acylase that catalyzes, among
others, the synthesis of the widely used semisynthetic
antibiotic cephalexin. A single batch was donated for the
present research, and in all instances where the trademark
Assemblase is used, this refers to this particular prepara-
tion. The cephalexin (CEX) synthesis reaction catalyzed by
Assemblase is kinetically controlled, and the reaction is
stopped before thermodynamic equilibrium is reached
(Schroën et al. 2001), implying the need for a transient
description of the reaction progress. CEX synthesis (Fig. 1)
involves a 2-step coupling reaction of an amide-activated
phenylglycine (PGA) with 7-amino deacetoxy cephalo-
sporinic acid (7-ADCA), via an enzyme-phenylglycine
complex. The enzyme also catalyzes two unwanted side
reactions. In the first, PGA is hydrolyzed to the inactive by-
product D-(−)-phenylglycine (PG). In the second, CEX is
hydrolyzed to yield 7-ADCA and PG. Schroën et al. (2002)
showed that transport of multiple reactants limited each
reaction differently. Overall, it was shown that diffusion
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limitations in Assemblase cause a reduced cephalexin
production rate, a reduced yield on substrate, and an in-
creased formation rate of the unwanted by-product PG in
comparison with the free enzyme (Schroën et al. 2002). On
top of that, the intraparticle enzyme distribution of
Assemblase was found to be heterogeneous (Van Roon et
al. 2005a), which is expected to have a severe impact on the
macroscopic particle behavior as well.
To describe the behavior of the immobilized biocatalyst,
various types of models can be used, which may differ in
the amount of detail in which physical and chemical pro-
cesses are accounted for. Schroën et al. (2002) adapted their
own model for free penicillin G acylase kinetics to one for
Assemblase by lumping all relevant phenomena of the
biocatalytic particle into a new set of fitted pseudokinetic
constants. Although their description of macroscopically
observed kinetics was quite good, the fitted constants are
only valid for the reaction conditions and biocatalyst prep-
arations they were derived for. Such lumped models are not
suited for rational design of new biocatalytic particles, as
the constants relate to multiple effects simultaneously. It is
obvious that for this specific purpose, a physical model,
which accounts for reaction kinetics and mass transfer
separately, should be used. This requires extensive knowl-
edge on all the relevant processes in the system, which may
be time consuming, but is indispensable for rational
biocatalyst design.
In this paper, we present a model that is based on enzyme
kinetics of free enzyme, mass transfer in the biocatalytic
particle, and the enzyme gradient that is present inside the
biocatalytic particle. All these aspects were studied and the
obtained constants are truly independent of each other,
unlike the constants in the lumped model.
Intrinsic kinetic constants k and activation enthalpies
(temperature dependence) for CEX synthesis catalyzed by
freely suspended penicillin G acylase were adopted from
Schroën et al. (2002) and are depicted in Fig. 1. The activity
of the free enzyme as a function of the pH was measured
and included in our Assemblase model. Effective diffusiv-
ities of all substrates and products were measured. The
enzyme loading and enzyme distribution in the Assemblase
particles were previously measured as a function of the
particle radius (Van Roon et al. 2003), which led to the
definition of a single, spherical particle with characteristic
size, enzyme loading and enzyme distribution.
An important aspect is that all reactants in cephalexin
synthesis are weak electrolytes. The charge of the reactants
depends on the local pH in the biocatalytic particle.
Duggleby et al. (1995) and Svedas et al. (1980) showed
that the enzyme has a single amino acid catalytic center and
uses one particular charged form of the reactant only.
Because the dissociation constants (pKa values) of sub-
strates and products are different, local enzymatic conver-
sion will result in a change in pH. The fact that all reactants
are weak electrolytes also implies that their transport is
coupled electrostatically. Electrostatic interactions were
modeled by using the Nernst–Planck flux equation for each
charged component (e.g., Perry and Green 1997). Based on
local transport of reactants and local enzyme kinetics, the
pH gradients were predicted, which were used to calculate
the local average charge of each weak electrolyte and the
local enzyme activity.
The phenomena mentioned above, i.e., enzyme kinetics,
mass transfer, enzyme distribution, and dissociation effects,
were accounted for to obtain a model for the dynamic
progress of cephalexin synthesis. In the literature, several
published papers focus on some of these phenomena.
Intrinsic kinetic parameters have been published by
Schroën et al. (2002). In addition, papers on all sorts of
reaction–diffusion systems can be found. Van der Wielen
(1994) modeled the enzymatic deacylation of penicillin G
into phenylacetic acid and 6-aminopenicillanic acid taking
coupled electrostatic transport of ionic species into account.
The influence of heterogeneous enzyme distributions in
systems with nonionic reactants and with relatively simple
enzyme kinetics (zeroth order, first order, and Michaelis–
Menten) was investigated by Do and Hossain (1986) and
Hossain and Do (1989), who fitted some extreme in-
traparticle enzyme distributions to macroscopic data sets.
To the best of our knowledge, all these aspects are now
brought together for the first time for one immobilized
biocatalytic system. The prediction of the macroscopic
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Fig. 1 Production of cephalexin (CEX) from D-(−)-phenylglycine
(PGA) and 7-amino deacetoxy cephalosporinic acid (7-ADCA) via
an enzyme phenylglycine complex (gray). Besides the CEX syn-
thesis reaction, the enzyme also catalyzes two unwanted side-re-
actions: PGA and CEX hydrolysis, respectively
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course of the reaction was successfully validated against
experimental data for various temperatures, external pH
values, enzyme loadings, and substrate concentrations. The
model was used to evaluate the effects of various mod-
ifications to the biocatalytic particles, such as alternative
enzyme loadings and distributions. In this light, the
potential use of the model for further biocatalyst improve-
ment is discussed.
Materials and methods
Definition of a model system
As stated previously, the model is based on enzyme
kinetics, enzyme distribution inside the biocatalytic parti-
cle, and mass transfer of all reactants. Because we are
dealing with charged components, dissociation has to be
taken into account also. For cephalexin synthesis with
Assemblase, the terms for mass transfer, association/
dissociation, and enzyme kinetic rates are stated in Eq. (1):
dcCEX
dt
 
in
¼ MCEX þ rCEX þ RCEX (1)
The net change in the local intraparticle concentration of
(negatively charged) cephalexin (cCEX , mol·m
-3) in time t
(s) involves a mass transport rate of CEX− (MCEX , mol·
m-3·s-1), the production rate of CEX− by dissociation
(rCEX, mol·m
−3·s−1), and the enzyme-catalyzed production
rates of CEX− (RCEX , mol m
-3 s-1). To understand the
mechanisms resulting in Assemblase behavior (in compar-
ison with the reaction catalyzed by the free enzyme), each
of these three contributions is discussed below. Before this,
some basic particle characteristics are defined.
Particle
Geometry and particle size
It was shown previously that Assemblase particles are
polydisperse (Van Roon et al. 2003) and, to some extent,
polymorph (Van Roon et al. 2005b). A formal treatment of
mass transfer processes in such particles would involve an
exact three-dimensional analysis of each particle and its
contribution to the total volume (or mass) of biocatalytic
particles, which is extremely laborious. Instead, spherical
particle geometry was assumed; scanning electron micro-
scopic (Van Roon et al. 2005b) micrographs of super-
critically dried Assemblase particles indicate that this
assumption is not too far off. From the particle size
distribution (Van Roon et al. 2003), a characteristic particle
was defined as the particle at the 50% point of the
cumulative volume distribution (205-μm radius). Assem-
blase was modeled as if it exclusively consisted of spherical
particles of this radius.
Enzyme loading and enzyme distribution
The enzyme loading and distribution were previously
measured for multiple particle sizes (Van Roon et al.
2005a). It was shown that all size-dependent intraparticle
enzyme distributions within Assemblase had the mathe-
matical shape of in-stationary enzyme penetration profiles
and could be described with a Fourier number as a function
of the particle radius. From this, the actual enzyme gradient
for the characteristic 205-μm particle was obtained by
interpolation. This relative distribution was combined with
the measured active enzyme loading of 0.95 μmol/g dry
weight (DW) and a solidity (g dry weight per g wet weight)
of 0.13 (Van Roon et al. 2003) to obtain the quantitative
active enzyme distribution of the characteristic particle
(Fig. 2). The amount of Assemblase used per experiment
varied between 0.5 and 2% of wet particles on mass basis.
Typically, 1% of wet biocatalytic particles on total weight
was used. The actual particle weight used was inputted for
the model prediction. The enzyme gradient in Fig. 2
corresponds with a Fourier value of 8.27×10−2 (−) with a
standard deviation of 0.97×10−2 (−), and it is in very good
agreement with the gradient that was measured for an
actual particle of 210-μm radius (Van Roon et al. 2003).
Kinetics
Intrinsic enzyme kinetics
Schroën et al. 2002 derived kinetic equations for product
and by-product formation using the King–Altman ap-
proach. Duggleby et al. (1995) and Svedas et al. (1980)
found that the enzyme only binds PGA and 7-ADCA if the
amino group is neutral (the carboxylic acid group can be
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Fig. 2 Characteristic intraparticle enzyme profile for the character-
istic Assemblase particle. The enzyme profile corresponds with a
Fourier value 0.082 with an average enzyme loading of 0.95 μmol/g
DW
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either negatively charged or neutral). For this, the rates are
expressed in terms of concentrations of the active form:
RPGA0 ¼ k1k 02cPGA0  k1k3cPGA0c7ADCA
   E0=
RCEX ¼ k1k3c7ADCAcPGA0  k 02k3cCEX
   E0=
RPG0 ¼ k1k 02cPGA0 þ k 02k3cCEX
   E0=
 ¼ k1cPGA0 þ k 02 þ k3c7ADCA þ k3cCEX
(2)
with RPGA0 , RCEX and RPG0 are the net rates of formation
of neutral PGA0, negatively charged CEX−, and neutral
PG0 (mol·m-3·s-1), respectively, and E0 is the initial enzyme
concentration (g enzyme per g total). Values for the in-
trinsic kinetic constants k for CEX synthesis catalyzed by
freely suspended penicillin G acylase were adopted from
Schroën et al. (2002) (Fig. 1). The enzyme can only convert
substrates with a neutral amino group. As reactants of
cephalexin are weak electrolytes, the fraction of a particular
reactant present in its active form depends on the local pH
via its dissociation constant Ka (mol·m
-3). As an example,
Eq. (3) shows the dissociation of CEX0 into CEX–:
CEX0 rCEX! CEX
 þ Hþ (3)
The concentrations of CEX0 and CEX– are interrelated
by their equilibrium constant KCEX (mol·m
-3):
KCEX ¼ cCEX
cHþ
cCEX0

eq
(4)
Obviously, for all other reactants, similar equations hold
and should be taken into account in the model (see also
Table 1). Other components present are Na+, which is the
counter ion, and NH3, which is liberated during the binding
step of PGA with the enzyme.
Temperature and pH dependency of the enzyme
For the temperature dependency of all reaction rate
constants, the Arrhenius equation was used (Van’t Riet
and Tramper 1991), because the activation enthalpies
(reaction enthalpies) were assumed to be constant. Data for
free enzyme were taken from Schroën et al. (2002):
kk;T ¼ kk;Tref e
Hk
R
1
T 1Tref
 
(5)
with kk, T the reaction rate constant at temperature T, kk;Tref
the reaction rate constant at reference temperature
(Tref=293 K), and ΔHk the reaction enthalpy (kJ·mol
-1).
The enzyme activity as a function of pH was inves-
tigated with free suspended penicillin G acylase. The
relative activity was assessed between pH values of 6.0 and
9.0 (at 0.5 unit intervals) in cephalexin synthesis experi-
ments from 100 mM PGA to 100 mM 7-ADCA at 293 K
containing 0.59 μM penicillin G acylase. Between pH 6.0
and 8.0, the relative activity was constant (data not shown).
At pH 9.0, 80% residual activity (compared to pH 8.0)
remained; the enzyme activity in the model was adjusted
accordingly.
Mass transfer
The diffusivities of the reactants were measured at 293 K.
At other temperatures, the diffusivities were corrected by
application of the generally applied Stokes–Einstein rela-
tion (e.g., Bird et al. 1960a,b). Based on the measured
diffusivities at 293 K, this equation was first used to
estimate the hydrodynamic reactant radius. Subsequently,
combination with tabulated values of the dynamic viscosity
of water (e.g., Weast and Astla 1980) as a function of
temperature led to an estimate of the diffusivity at other
temperatures.
Location of mass transfer resistance
It was determined whether there were large differences in
the internal and external mass transfer resistance. If so, the
model only needs to describe the processes in the most
limited region. The Biot number Bi describes the dimen-
sionless ratio of the internal and external mass transfer
resistances for a component k, and is defined as:
Bik ¼ kl;kLDeff ;k ¼ Shk
Dl;k
Deff ;k
L
dp
(6)
Table 1 Dissociation constants for weak electrolytes involved in CEX synthesis and effective intraparticle enzyme diffusivities of reactants
at 298 K
Component PGA+/PGA0 NHþ4

NH3 7-ADCA
0/7-ADCA– CEX0/CEX– PG0/PG– H+ OH– Na+ Cl–
pKa RNH2 (-) 7.2 9.4 4.9 7.6 9.0 – – – –
pKa RCOOH (-) <1.0 – 3.0 2.6 2.0 – – – –
Deff (10
-10 m2/s) 4.3a 15b 3.0a 2.5a 4.7a 70b 40b 10b 15b
aMeasured in this study (see also Fig. 2)
bEstimated at 75% of the free-water diffusion coefficient at infinite dilution (Cussler, 2002)
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with kl, k the mass transfer coefficient of component k in the
stagnant layer surrounding the particles, L a characteristic
length (here the volume to surface ratio of the particle),
Deff, k and Dl, k the intraparticle effective and external free-
solution diffusivities of component k (m2·s-1), respectively,
dp the particle diameter (m), and Sh the Sherwood number
for mass transfer, which is the ratio of total mass transfer
and diffusive mass transfer in the continuous phase sur-
rounding the particles. The value of the Sherwood number
Sh was estimated with the empirical relation by Brian and
Hales, Eq. (7) (Van’t Riet and Tramper 1991):
Shk ¼ 2þ 0:57
ﬃﬃﬃﬃﬃ
Re
p l
lDl;k
 0:33
(7)
with Re the Reynolds number for the particle (calculated to
be 3 from the Galileo number), ρl the water density
(1,000 kg·m-3), and ηl the dynamic viscosity of the
continuous phase (1×10-3 Pa·s). Depending on the diffusing
compound, a value of approximately 20 was calculated for
Sh, resulting in Bi values of 5–10. On this basis, external
mass transfer resistance was neglected in the model.
Because the resistance for mass transfer is situated in the
particle interior, the diffusivities of the reactants inside the
particles were measured likewise. This was done with a
portion of the same preparation of Assemblase particles
that was not activated with enzyme. A known amount of
these wet sieved (Van Roon et al. 2003) particles was
incubated overnight at 277 K and pH 8.0 in a solution in
which a known amount of reactant was dissolved. Then the
equilibrium concentration of the reactant in the continuous
phase was analyzed by high-performance liquid chroma-
tography (Van Roon et al. 2003) to check for partitioning.
A portion of these particles was transferred into a known
amount of water that was vigorously stirred. Particle-free
samples were taken immediately (by use of filters), and the
concentration was measured with HPLC. From this, the
diffusivity was estimated by fitting a standard parabolic
differential equation for Fickian diffusion (e.g., Bird et al.
1960a,b) out of a known mass of spheres of 205-μm
radius. As an example, the measured concentrations and
fitted concentration profile of PG is given in Fig. 3. The
effective PG diffusivity that fitted the data best was 4.7×
10-10 m2·s-1. The diffusivities of the other reactants were
fitted similarly and their values are given in Table 1.
Mass transport rate and flux equations
Because the particles are assumed to be spherical, radial
symmetry can be assumed and the mass balances can be
solved one-dimensionally (along the radial axis). The rate
equation for diffusion of species k into a spherical particle
along the space coordinate x (m):
Mk ¼ 1x2
d
dx
x2Jk
 
(8)
with Mk the rate of the concentration change of component
k (mol·m-3·s-1) and Jk the mass flux of component k
(mol·m-3·s-1). The Nernst–Planck equation was used for all
components, which describes the flux of a charged
component as a function of a concentration gradient and
a potential gradient:
Jk ¼ Dk;eff dckdx þ zkck
F
RT
d
dx
 
(9)
with Jk as the flux of component k (mol·m
-3·s-1), zk is the
charge of component k (−), F the Farraday constant (C·
mol−1), R the gas constant (J·mol-1·K-1), T the temperature
(K), and Φ the electrical potential (V). For uncharged
components (zk=0), Eq. (9) reduces to the Fickian flux
equation. The potential gradient was eliminated from the
system by assuming a zero net electrical current:
XN
k¼1
zkJk ¼ 0 (10)
where N equals the total number of components (−). From
Eqs. (9) and (10), it can be derived that:
d
dx
¼ RT
F
PN
k¼1
zkDk;eff dck=dx
PN
k¼1
z2kDk;effck
(11)
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Fig. 3 Measured PG concentration in the continuous phase in time
(points) and the fitted concentration profile for an effective
intraparticle PG diffusivity of 4.7×10−10 m2·s−1 at an initial
intraparticle PG concentration of 19 mmol/kg WW (13% solidity)
and 7% w/w particle hold-up
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which can be substituted in Eq. (9):
Jk ¼ Dk;eff dckdx  zkck
PN
k¼1
zkDk;eff dck=dx
PN
k¼1
z2kDk;effck
0
BBB@
1
CCCA (12)
Internal mass balances
Now that all parts of Eq. (1) have been discussed in more
detail, we will focus on the association and dissociation
reactions. The (de-)protonation rate (rCEX) from Eq. (1) is
extremely fast in comparison with the enzymatic reaction
rates (RCEX in Eq. 1). The different time constants for the
two processes dramatically increase the stiffness of the
system of mass balances and may result in long calculation
times or even in numerical instabilities. Therefore, fast
(de-)protonation rates were eliminated taking convenient
linear combinations of the differential mass balances and
regarding the (de-)protonation rates to be infinitely fast in
comparison with the enzymatic conversion rates, analo-
gous to the procedure by Van der Wielen (1994). For the
example given in Eq. (1), a suitable linear combination is:
dcCEX=dtð Þin ¼ MCEX þ rCEX þ RCEX
dcCEX0

dt
 
in
¼ MCEX0  rCEX (13)
The equation illustrates that the neutral form of ceph-
alexin cannot be formed by the enzyme. By adding these
two equations, the fast association rates cancel out. With
the assumption of infinitely fast deprotonation reactions,
the concentration of neutral cephalexin is instantly dictated
by the association constant of cephalexin, and the con-
centrations of negatively charged cephalexin and protons
Eq. (4), and the rate equation becomes:
dcCEX
dt
 
in
¼ MCEX
 þMCEX0 þ RCEX 
c
CEX

KCEX
dc
Hþ
dt
1þ cHþ

KCEX
(14)
Equation (14) shows that the concentration change of
CEX− in time is not only affected by its enzymatic
conversion and the its flux, but also by the flux of its
uncharged counterpart CEX0. Furthermore, it is also
directly affected by the local pH and the pH gradient.
The example given above also applies for other weak
electrolytes. The pKa values of all the components in the
model are summarized in Table 1.
In all association/dissociation reactions, protons are
bound or released. For all weak electrolytes, the internal pH
gradient is influenced by all these equilibriums and vice
versa. An exception to this is 7-ADCA, of which the pKa
values are so low that its charge is almost exclusively
negative in the pH regions where the reactions take place.
Therefore, 7-ADCA is conveniently regarded as a strong
electrolyte with a negative charge. Because protons are
released or used in the deprotonation and protonation
reactions of every weak electrolyte, respectively, the mass
balance becomes complex; it is therefore given in the
“Appendix.”
External mass balances
The mass balances over the continuous phase surrounding
the particles were derived analogous to the internal mass
balances. The two differences are the obvious absence of
enzyme in the continuous phase of the reactor, and the time
dependent volume increase of the water phase, which is a
result of titration with hydrochloric acid during the con-
version to keep the external pH constant. In Eqs. (15) and
(16), the external mass balances for PGA0 and PGA+ are
given:
dcPGA0
dt
 
ex
¼ MPGA0 þ rPGA 
cPGA0
Vc
dVc
dt
(15)
dcPGAþ
dt
 
ex
¼ dcPGA0
dt
¼ MPGAþ  rPGA 
cPGAþ
Vc
dVc
dt
(16)
with Vc as the volume of the continuous (water) phase (m
3).
Linear combination of these equations to eliminate the fast
association/dissociation rates (analogous to Eq. 14) results in:
dcPGA0
dt
 
ex
¼
MPGA0 þMPGAþ  cPGAKPGA
dcHþ
dt  1Vc
dVc
dt cPGAþ þ cPGA0ð Þ
1þ cHþ

KPGA
(17)
The titration with hydrochloric acid during the synthesis
reaction introduces chloride ions in the system (which will
subsequently diffuse into the carrier and were therefore
incorporated in the summation term of the internal and
external Nernst–Planck flux equations). The chloride ions
are considered inert in the model; only electrostatic
diffusion of chloride into the particles was accounted for.
The volume increase is calculated and used in all external
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equations. The two equations are given in the “Appendix”
(Eqs. 24 and 25, respectively). For the external chloride
mass balance this results in:
dcCl
dt
 
ex
¼ MCl þ ctitrantVc
dVc
dt
 cCl
Vc
dVc
dt
(18)
Boundary conditions
Because radial symmetry was assumed in all particles, all
concentration profiles are symmetric around the particle
center. Consequently, all concentration gradients in the
particle center are zero, which results in a zero net mass
flux through the particle center:
dck d= xð Þjx¼0¼ 0 (19)
At the particle-bulk interface, no accumulation can take
place: the net flux of reactants leaving the continuous phase
equals the net flux of reactants entering the combined
volumes of the first slabs of the particles. Because external
diffusion limitation could be neglected, it follows that:
Vcdck;c
dt
 
ex
¼ Apnp 1x2
d
dx
x2Jk
 

x¼Rp
(20)
with Jk given by Eq. (12), Vc the volume of the continuous
(water) phase (m-3), Ap the surface area of a single particle
(m2), np the number of particles (calculated from mass
hold-up and particle density), and ck, c the concentration of
component k in the continuous (water) phase (mol·m-3).
Numerical solving of the mass balances
To numerically solve the parabolic partial differential
equations for combined mass transfer and enzyme kinetics,
the system of equations was made discrete with respect to
the spatial coordinate. A schematic representation of the
spatial grid is depicted in Fig. 4. At the left side, the particle
center is drawn and the particle perimeter with the
surrounding continuous phase is drawn at the right-hand
side. An arbitrary transient gradient of a reactant with its
highest concentration near the particle surface is drawn in
Fig. 4. The gradient is approximated by dividing the par-
ticle interior in several volume elements that were each
regarded as ideally mixed CSTR’s (finite volume method).
The volume of all elements was chosen constant
(equivolumetric grid) to save calculation time, without
precision loss. Consequently, the model can make do with
fewer internal grids in comparison with an equidistant grid.
Because the innermost grid covers quite a large distance
from the center of the particle, it was refined with equi-
distant subgrids. Figure 4 illustrates that the concentration
gradient (slope) of the arbitrary concentration profile of the
reactant at the particle center is zero and that the surface
concentration (Cn) equals the bulk concentration because
external diffusion limitation was neglected.
The average concentration in each element (Vi) is
situated at the positions where 50% of the volume of that
particular volume element was reached. This concentration
is affected by the inflow and outflow of mass (the fluxes are
indicated by the arrows) through the boundary areas (Ai) on
the two sides of the element and by enzymatic and by
association/dissociation reactions, as was explained pre-
viously. Two different grids were introduced: one to define
the locations of the average concentrations (z-grid) and the
other to define the locations of the interfaces through which
the fluxes take place (x-grid). Consequently, Δz1≠Δx1 and
the two grid-vectors were used during solving.
A central difference approximation of the second order
was used to approximate the concentration derivatives in
the mass balances. An example is given for the central
difference approximated concentration gradient of arbitrary
nonionic reactant k in Fig. 4 at position z2 in volume
element V2:
dck;2
dz
 Jk;3A2  Jk;2A1
V2
¼
Dk;eff
ck;3ck;2
z2
A2  ck;2ck;1z1 A1
 
V2
(21)
The spatially discrete system of the mass balances was
solved for all components by use of the ODE-15s solver of
Matlab (version 6.5.0). This solver is especially useful to
Fig. 4 Grid used for numerical solutions of the differential
equations. Equivolumetric volume elements are considered ideal
mixers with concentration Ci located at the volumetric center of the
grid zi. Mass fluxes (J) enter and leave at the borders of the
volumetric element (xi) across an area Ai. External diffusion
limitation is neglected and the continuous phase is considered
ideally mixed
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solve stiff systems to which end it uses a variable order
Runge–Kutta algorithm with adaptive time-step to approx-
imate the solution. The concentrations of the conjugated
forms of the biocatalytically active weak electrolytes were
subsequently calculated by the dissociation constant in
each time step. For control purposes, the total charge in the
system was calculated for each time step. With the applied
precision (32 digit calculation and tolerance settings), the
total charge imbalance always remained below 10-12
(mol·m-3), which is very low, even in comparison with
the proton concentrations.
Results
Before validation of our model with data on Assemblase
catalyzed reactions, we tested it on enzyme kinetics only.
This was done by increasing the diffusion coefficients to
very high values. The model should now predict the
reaction carried out by free enzyme. The result is shown in
Fig. 5a for a reaction previously done for 100 mM of the
two substrates at 293 K and pH 8.0 (Schroefn et al. 2002).
The model and the measured data are in good agreement
therewith indicating that the kinetics was implemented
correctly in the model.
External course of the reaction: model validation
Cephalexin (CEX) synthesis experiments at various PGA
and 7-ADCA concentrations, pH values, and temperatures
were done to check the predictions of the model.
Synthesis with various substrate concentrations
Subsequently, the proper diffusivities were used to check
whether the model could predict syntheses reactions
catalyzed by Assemblase. Figure 5b shows that for the
same reaction conditions used in the free enzyme exper-
iment, the model prediction is in close agreement with the
experimental data, and the effect of mass transfer during
the synthesis was predicted well. When compared with the
free enzyme reaction (Fig. 5a), less CEX and more
phenylglycine (PG) is formed during the synthesis with
Assemblase. The model could also predict the course of the
reaction for other substrate concentrations (Fig. 5c,d). The
model was found to predict the experimental data well both
at medium-high and very high substrate concentrations
indicating that in the current model, mass transfer is also
implemented correctly, together with the enzyme gradient.
The main difference with the previously published model
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Fig. 5 Predicted (lines) and
measured (dots) total concen-
trations of PGA, 7-ADCA, CEX
and PG during cephalexin
synthesis at 293 K and pH 8.0.
a Model prediction for unrealis-
tically high reactant diffusivities
and experimental values for a
CEX synthesis with free enzyme
from 100 mM of the two sub-
strates. b Experimental data and
model prediction for CEX
synthesis from 100 mM of both
PGA and 7-ADCA. c Experi-
mental data and model predic-
tion for CEX synthesis from
500 mM PGA and 300 mM
7-ADCA. d Experimental data
and model prediction for CEX
synthesis from 500 mM PGA
and 600 mM 7-ADCA. All
graphs: inverted open triangles,
PGA; inverted full triangles,
PG; filled circles, CEX; open
circles, 7-ADCA
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(Schroën et al. 2002) is that a prediction on the basis of
independent physical and chemical phenomena is actually
obtained now rather than a description based on pseudo-
kinetic parameters that were fitted to the experimental data.
Synthesis experiments at various temperatures
The temperature influences both the rates of reaction and of
diffusion. Temperature corrections for the rates of enzy-
matic reactions were made with the Arrhenius equation,
while the temperature dependencies of diffusivities were
based on the Stokes–Einstein equation (see “Materials and
methods”). To check whether temperature effects were
correctly implemented, we tested whether the model
predicted reactions carried out between 273 and 303 K
correctly.
For the entire temperature range correct predictions were
obtained as is illustrated by the result of the two extremes
(Fig. 6). With equal amounts of Assemblase, the CEX
synthesis at 273 K (Fig. 6a) is approximately 4.3 times
slower than at 293 K(Fig. 5b). At 303 K (Fig. 6b), the CEX
synthesis is 1.9 times faster than at 293 K for equal enzyme
amounts (Fig. 5b). The maximum CEX concentration is
highest at lower temperatures: 56 mM at 273 K (Fig. 6a)
and 36 mM at 303 K (Fig. 6b). The reason is that the kinetic
reaction is more temperature dependent than diffusion: a
low-temperature synthesis is therefore less diffusion limited.
Synthesis experiments at various pH values
At the pH that was used until now (8.0), the model pre-
dicted the course of the reactions correctly. Now the model
is tested at pH values between 6.0 and 9.0. Because the
enzyme only uses a specifically charged state of the weakly
electrolytic reactants (see “Definition of a model system”
section), the ambient pH determines the availability of
reactants for reaction and influences the electrostatically
coupled transport of electrolytes. Because the pH con-
tinuously changes in space and time, prediction of the
overall reaction progress is challenging. This can be
illustrated by the fact that the course of the reaction at pH<7
could not be described by the lumped model we presented
previously (Schroën et al. 2002).
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Fig. 6 Predicted (lines) and
measured (dots) total concen-
trations of PGA, 7-ADCA,
CEX, and PG during cephalexin
synthesis from 100 mM PGA
and 100 mM 7-ADCA, pH 8.0
at 273 K (a) and 303 K (b),
respectively. All graphs: in-
verted open triangles, PGA;
inverted full triangles, PG; filled
circles, CEX; open circles,
7-ADCA
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Fig. 7 Predicted (lines) and
measured (dots) total concen-
trations of PGA, 7-ADCA,
CEX, and PG during cephalexin
synthesis from PGA and
7-ADCA, 293 K at pH 6.0 (a) and
9.0 (b), respectively. In the case
of pH 6.0, 50 mM of the two
substrates was used because of
solubility limits. All graphs:
inverted open triangles, PGA;
inverted full triangles, PG; filled
circles, CEX; open circles,
7-ADCA
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The model predicted the course of the CEX synthesis
well for the entire range of pH values. Once again, the
predictions for the two extremes are shown (pH 6.0 and 9.0
in Fig. 7a,b, respectively). For pH 9.0, the situation is
comparable to pH 8.0 for as far as diffusion limitation is
concerned, and these effects are predicted correctly. At
pH=6.0, the solubility of the substrates is limited and the
experiment was conducted with approximately 50 mM of
the two substrates. Figure 7a shows that with the physical
model, the prediction of the course of the reaction is good.
The fact that reactions are slow at pH 6.0 is not only caused
by a reduced enzyme activity at this pH, but is a result of
the reduced amounts of reactive PGA and CEX (Schroën et
al. 2002). Because the conversion rates are reduced, the
particle is less diffusion limited at lower pH. In this case,
the course of the reaction is similar to one carried out with
free enzyme. As opposed to the pseudokinetic model by
Schroën et al. (2002), the present physical model quan-
titatively predicts these effects ranging from situations that
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Fig. 8 Model predictions for a
100-mM PGA and 7-ADCA
conversion by Assemblase at
293 K. During the experiment,
the external pH was kept at
8.0 by 0.5 M HCl titration.
a-f Prediction of the internal
total concentration profiles of
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Na+, and Cl– after 0 (___);
10 (_ _ _); 1,000 (_ _ _ _);
2,000 (_ _ _ _ _); 4,000 (…….);
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272
are heavily diffusion limited to situations that are hardly
diffusion limited.
Internal course of the reaction: understanding particle
behavior
Until now, the model was successfully validated by com-
paring the prediction of the external course of the synthesis
reaction with the experimental synthesis data. This gives
confidence in the validity of the predicted internal gradients
of reactants during the conversion (which are very difficult
to measure due to their dynamic character). Because insight
in intraparticle phenomena can greatly improve our under-
standing of the biocatalytic system, Fig. 8 gives an over-
view of dynamic intraparticle gradients of some reactants
during the conversion of 100 mM of both PGA and 7-
ADCA at pH 8 and 293 K (Fig. 5b).
Immediately upon the addition of the Assemblase
particles (start of the reaction), the mobile sodium ion
(Fig. 8e) and PGA (Fig. 8a), of which only a part is ionic at
pH 8.0, penetrate the particle along their concentration
gradient. This transport must be accompanied by influx of
negative ions. Anionic transport is partially accounted for
by the relatively slow 7-ADCA, which penetrates into the
carrier along its concentration and electrical gradient
(Fig. 8b), but mainly by the relatively mobile chloride
ions (Fig. 8f), for which only an electrical gradient exists
(i.e., no concentration gradient). The rapid influx of sodium
ions generates an electrical gradient, resulting in transport
of negatively charged ions toward the carrier center.
Because chloride is the most mobile, it will temporarily
diffuse against its concentration gradient (Fig. 8f).
As a result of the substrate fluxes the substrate concen-
tration in the outer regions of the particle rises quickly.
Combined with the presence of a relatively high enzyme
concentration in the outer region, the cephalexin production
rate is relative high there. Because any cephalexin is hardly
present in the interior or in the continuous phase, the formed
cephalexin temporarily diffuses in both of these directions
(Fig. 8c). Because of the volume of the continuous phase,
the driving force for transport toward this phase remains
high in comparison with the much smaller particle interior
(where cephalexin will be generated as well). Internally, the
CEX production rate rises as substrates become more
available, and the concentration gradient becomes directed
toward the bulk phase (Fig 8c). After reaching the
maximum CEX concentration in the bulk (as was shown
in Fig. 5b, this happens after approximately 4.5×103 s), the
total CEX hydrolysis rate becomes higher than the CEX
production rate, and the concentration gradient reverses
again toward the inner regions of the particle (net CEX flux
into the particle).
For the by-product of the syntheses, PG, the same
happens as with CEX. A temporary accumulation followed
by bidirectional diffusion, and subsequently the concen-
tration gradient becomes directed toward the outside of the
particle (Fig. 8d). This effect is smaller than for CEX,
occurs at a later moment in time, and is situated more
internally. Given the temporary cephalexin maximum, this
could be expected; CEX will partly be hydrolyzed by the
enzyme to form phenylglycine (secondary hydrolysis).
Because the equilibrium of the reaction lies completely on
the PG side, the total PG production rate remains positive,
and the concentration gradient of PG remains directed
toward the continuous phase.
Upon binding of PGA to the enzyme, NH3 is formed.
Being the strongest base in the system with a pKa value of
9.4, it will take up protons and form NHþ4 , which will
cause the local pH to rise. Figure 9a shows that the model
predicts an initial increase in pH in the particle center of
almost 1.5 pH unit, which quickly diminishes to 0.5–1 pH
unit. These values are comparable to values reported by
Spieß and Kasche (2001) for CEX synthesis reactions
carried out with Assemblase.
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Figure 9b shows that the volume of the bulk phase
increases because of the external HCl addition for pH
control. In the experiment, a moderate titrant concentration
of 0.5 M was used to prevent “hot spots” in the reactor.
Figure 9b shows that during the synthesis of cephalexin,
the rate of HCl addition is continuously decreased. This is
in accordance with Fig. 5b that showed that PGA
conversion, and therewith the NH3 production rate,
decreases. The effect from this on pH overrules the effect
of the increased PG production rate.
Discussion
Figure 8 showed an example of the predicted internal
reactant dynamics during CEX synthesis. The internal
production rates are lowered as a result of diffusional
limitations of multiple reactants. Because the CEX
production rate is hampered more than the PG production
rate, and the produced CEX remains longer in the carrier,
the macroscopic particle behavior of Assemblase is
suboptimal for CEX synthesis when compared with free-
enzyme catalyzed reactions. To obtain an idea of the
sensitivity of the Assemblase system for variations in
parameters of the biocatalytic particle, their effect is
evaluated in terms of the cephalexin yield on 7-ADCA
and the selectivity for product formation. This is expressed
as the synthesis/hydrolysis ratio S/H at maximum conver-
sion, i.e., the ratio between the maximum CEX concentra-
tion and the accompanying PG concentration.
The sensitivity of the S/H ratio for changes in the values
of the kinetic rate constants is discussed elsewhere (Van
Roon 2005). The analysis showed that the model pre-
dictions were sensitive toward all rate constants; however,
the system was particularly sensitive toward the value of
the hydrolysis rate constant k2.
The predicted effects of particle size, enzyme loading,
and the distribution of enzyme for some hypothetical
situations (model extrapolations) are summarized in
Table 2.
Table 2 shows that, with all other parameters identical,
smaller particle sizes are favorable for both the product
yield and the selectivity for CEX synthesis, as was
expected. To keep all other parameters constant, a homog-
eneous enzyme distribution was used. In a similar way,
particles with a lower enzyme loading, i.e., average
enzyme concentration over the particle, perform better in
terms of product yield and S/H, because particles with low
enzyme concentrations are less diffusion limited. For
heterogeneously loaded particles, the combination of
particle size, enzyme loading, and the enzyme distribution
determines the overall yield and selectivity.
With the enzyme in Assemblase predominantly situated
in the outer regions of the particle (Van Roon et al. 2005a),
the yield and selectivity are better than that of a particle
with a homogeneous enzyme distribution and much better
than one with an active core (Table 2). This results from an
improved supply of 7-ADCA to the enzyme and the
reduced secondary hydrolysis of the ‘slow’ CEX for the
case of Assemblase. It is obvious that the yield and
selectivity obtained with surface-loaded particles are equal
to those of free enzyme, because no diffusional limitations
are present.
Industrial application of such hypothetically new bio-
catalytic particles can be hampered, however, by several
aspects. On one hand, there is no production process
available to produce the theoretical particles with the prop-
erties described above. On the other hand, there are
practical limitations to the application of such new par-
ticles. For instance, depending on the maximal enzyme
binding capacity, it may not be possible to immobilize
enough enzyme on the surface of the particles and keep the
particle hold-up within practical limits at the same time.
The enzyme on surface-loaded particles may also be more
sensitive to chemical (hot spots) or mechanical degradation.
In addition, very small particles may not be suitable for
industrial application.
Table 2 Model prediction of CEX yield on 7-ADCA (YCEX,7-ADCA) and selectivity for CEX over PG formation (S/H) for particles with
different radii Rp, average enzyme loadings Eavg, and enzyme distributions
Rp (μm) Eavg (μmol/g DW) Distribution YCEX,7-ADCA (−) S/H (−)
5 0.95 Homogeneous 0.48 1.93
50 0.95 Homogeneous 0.47 1.80
250 0.95 Homogeneous 0.37 0.98
500 0.95 Homogeneous 0.31 0.71
205 0.50 Homogeneous 0.42 1.31
205 0.95 Homogeneous 0.39 1.10
205 2.00 Homogeneous 0.36 0.90
205 5.00 Homogeneous 0.32 0.71
205 0.95 Surface loading 0.48 1.93
205 0.95 Assemblase 0.41 1.19
205 0.95 Homogeneous 0.39 1.10
205 0.95 Active core (50 μm) 0.09 0.15
All simulations were done with 100 mM of the two substrates at 293 K and pH 8.0. The S/H was evaluated at the maximal CEX
concentration (maximal conversion)
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The present model describes effects in terms of under-
lying fundamental processes. The fact that in this specific
case the enzyme should be situated at the particle surface as
much as possible may sound trivial, but is actually dictated
by the diffusivities of the reactants. Because of the
relatively low diffusivity of 7-ADCA in comparison with
that of PGA, the internal concentration ratios of these
substrates shift toward an unfavorably high PGA pre-
dominance, which is known to increase PGA hydrolysis
and to reduce CEX synthesis (Schroën et al. 2002).
Moreover, because the formed CEX is the slowest
diffusing reactant, prolonged contact times with the
enzyme increase secondary hydrolysis rates. However, in
other bioconversions with other biocatalysts where multi-
ple diffusion-limited reactions are in competition, other
enzyme gradients (perhaps with an active core region) may
be favorable. For such systems, the present modular
physical model can easily be adapted for the specific
geometry, kinetic parameters, flux equations, and mass
balances at hand.
Besides enzyme loading, the intraparticle enzyme dis-
tribution and the particle radius, the ability of the reactants
to diffuse through the particle also influences the particle
performance. Understanding the precise mechanisms that
determine the diffusivity of reactants into the matrix
material is all but trivial, let alone the production of matrix
structures with defined/designed resistances for mass
transfer of specific reactants. Before even beginning to
explore such possibilities in practice, it would be a good
idea to establish the possible gain by model calculations. In
this paragraph, the influence of (theoretical) alterations in
reactant diffusivities was studied. For all reactants, one at a
time, the reference diffusivity at 293 K (see Table 1) was
increased or decreased by a factor 5, to evaluate the
(predicted) effect on the CEX synthesis. Changes as a result
of variation in diffusivities were found to be most
noticeable for 7-ADCA, PGA, and CEX; therefore these
are the only ones listed (Table 3).
Table 3 shows that when the diffusivity of 7-ADCA
decreases, also the CEX yield and selectivity decrease.
Low 7-ADCA diffusivities lead to low internal 7-ADCA/
PGA ratios, which is known to reduce CEX formation and
to increase PGA hydrolysis (Schroën et al. 2002). The
opposite happens when the diffusivity of 7-ADCA was
increased to its value in water.
When the PGA diffusivity was decreased, however, the
yield and selectivity also decreased. In view of the line of
reasoning just given for the 7-ADCA diffusivity, this was
counterintuitive. Further investigation showed that the
intraparticle PGA concentrations were reduced when the
PGA diffusivity was lowered, as expected. At the same
time, however, the pH gradients in the particle became very
pronounced. Due to the absence of PGA (the main
buffering component in the particle interior, pKa=7.2),
the internal pH went up to 9.5 over a large portion of the
particle interior. These high pH values are known to
decrease CEX yield and selectivity (Schroën et al. 2002).
On the contrary, when the PGA diffusivity was increased to
the value in free water, the CEX yield and selectivity
increased, and the pH remained below 8.4 within the entire
particle.
Table 3 shows that a lowered CEX diffusivity has a
strong negative impact on both the yield after CEX
formation, which increases the risk of secondary hydro-
lysis. When the CEX diffusivity was increased, the
opposite was observed, albeit that the effect is mainly on
prevention of secondary hydrolysis (S/H increases, while
the yield only increases slightly).
In retrospect, the model validation was successful: the
course of the reaction of CEX synthesis experiments was
predicted accurately for a broad range of substrate
concentrations (between 50 and 600 mM and temperatures
between 273 and 303 K). In contrast with our previous
(purely macroscopic) model where mass transfer and
enzyme kinetics were lumped into a set of fitted
pseudokinetic constants (Schroën et al. 2002), the present
physical model could also predict the course of the reaction
at all pH values between 6 and 9, which ranges from almost
free of diffusional limitation (pH 6) to severely diffusion
limited (pH 9).
Apart from an accurate description of the macroscopic
reaction, the model gave insight in the highly transient
processes occurring within the particle. The model showed
how diffusion limitation of substrates and products lead to
suboptimal conversions in terms of yield and selectivity
during the CEX synthesis. It further predicted the presence
Table 3 Model prediction of CEX yield on 7-ADCA (YCEX,7-ADCA) and of selectivity for CEX over PG formation (S/H) for diffusivities of
7-ADCA, PGA and CEX for values 5 times lower than their reference values as indicated in Table 1 and the (estimated) free water
diffusivities, respectively
Component 20% of Deff 10
-10 (m2/s) YCEX,7-ADCA (-) S/H (-) Dfree 10
-10 (m2/s) YCEX,7-ADCA (-) S/H (-)
PGA 0.86 0.36 1.12 7.0a 0.42 1.20
7-ADCA 0.60 0.38 0.94 5.7b 0.41 1.25
CEX 0.50 0.35 0.81 4.3c 0.42 1.33
Reference 0.41 1.19 0.41 1.19
All simulations were done with 100 mM of the two substrates at 293 K and pH 8.0. The S/H was evaluated at the maximal CEX
concentration (maximal conversion)
aEstimated equal to Dfree of the similar component phenylacetate from Van der Wielen (1994)
bEstimated equal to Dfree of the similar component 6-aminopenicillinate from Van der Wielen (1994)
cAdopted from Van der Wielen (1994)
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of large intraparticle pH gradients, which were experimen-
tally found and reported by Spieß and Kasche (2001).
Because the model gives an accurate description of the
Assemblase-catalyzed CEX synthesis on the basis of
physical and chemical phenomena that occur on a
microscale inside the particle, it is very well-suited for
the rational design of new biocatalysts for CEX production.
The modular design of the physical model facilitates its
application in other systems. These may involve complete-
ly different reactions, catalyzed by other biocatalysts in
other geometries. Ideally, the model will facilitate the
process of biocatalyst production from a more or less trial
and error approach to a truly rational design.
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Appendix
The dissociation reactions that were considered are:
CEX0 rCEX! CEX
 þ Hþ PGAþ rPGA! PGA
0 þ Hþ
NHþ4
rNH3! NH
0
3 þ Hþ PG0 rPG! PG
 þ Hþ
OH þ Hþ rwater! H2O
(22)
In addition, the following enzyme-catalyzed reactions
were taken into account:
PGA0 þ 7ADCA !RCEX;synth CEX þ NH03
CEX !RCEX;hydro PG0 þ 7ADCA
PGA0RPG PG0 þ NH03
(23)
with rk the (fast) association/dissociation reaction rate of
component k (mol·m-3·s-1), Rk the enzymatic reaction rate,
which only takes place inside the biocatalytic particle
(mol·m-3·s-1) The total cephalexin formation rate RCEX is
defined as the sum of the rates of CEX synthesis (RCEX,synth)
and CEX hydrolysis (RCEX,hydro).
The following assumptions were made. The batch
reactor is ideally and turbulently mixed, i.e., no concen-
tration gradients of any component is present in the
continuous bulk phase. The immobilization process of
penicillin G acylase in Assemblase does not alter the
intrinsic kinetics of the enzyme (Schroën et al. 2002). The
polydisperse Assemblase particles can be represented by an
equal volume of monodisperse spherical particles, which
possess a single characteristic size, enzyme loading, and
enzyme distribution. All resistance for mass transfer is
located in the particle interior, i.e., no external diffusion
limitations are present. Uniform mass transfer properties
are assumed throughout the particle. This implicates that all
transient processes, i.e., (electrostatic) diffusion and reac-
tion, are radially symmetrical and can therefore be modeled
in one dimension (along the radial axis). The flux of
components inside the biocatalytic particles can be
described with the Nernst–Planck flux equation for the
ionic components (diluted solutions); for nonionic compo-
nents, this reduces to the Fick flux equation.
As mentioned in the main text, the internal pH is altered
by the enzymatic conversion (substrates and products have
different pKa values). The arising mass and electrostatic
gradients are a driving force for the fluxes of charged and
uncharged components of which the fluxes of the ionic
components are electrostatically coupled. The fluxes of all
electrolytes, in turn, influence the local pH via local
association/dissociation equilibria of all weak electrolytes.
These rather complex interactions are incorporated in the
proton balance. The balance for the continuous (water)
phase is given (volume changes from titrant addition, no
enzymatic conversion). EachM in Eqs. (24) and (25) refers
to the mass balance as given in Eq. (8) in the main text into
which the suitable flux equation (Eq. 9 for electrolytes) was
substituted:
dcHþ
dt
 
ex
¼
MHþ MOH MPGA0 MNH3 MCEX MPG
þ 1Vc dVcdt cHþ þ cOH þ cPGA0 þ cNH3 þ cCEX þ cPG þ ctitrantð Þ
þMPGAþþMPGA0
1
Vc
dVc
dt cPGAþþcPGA0ð Þ
1þcHþ=KPGA
þ
MNHþ
4
þMNH3 1Vc
dVc
dt cNHþ
4
þcNH3
 
1þcHþ=KNH3
þMCEX0þMCEX
1
Vc
dVc
dt cCEX0þcCEXð Þ
1þcHþ=KCEX
þMPG0þMPG
1
Vc
dVc
dt cPG0þcPGð Þ
1þcHþ=KPG
2
66666666666666664
3
77777777777777775
1þ K 0w
c2
Hþ
þ cPGA0KPGAþcHþ þ
cNH3
KNH3þcHþ
þ cCEXKCEXþcHþ þ
cPG
KPGþcHþ
(24)
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with K 0
W
¼ cHþcOH . With a constant pH in the continuous
water phase, i.e., dcþH

dt
 
ex
¼ 0 , the volume change in
time follows from Eq. (24):
dVc
dt ¼ Vc
MHþþMOHþMPGA0þMNH3þMCEXþMPG
MPGAþþMPGA0
1þcHþ=KPGA

M
NHþ
4
þMNH3
1þcHþ=KNH3
MCEX0þMCEX
1þcHþ=KCEX
MPG0þMPG
1þcHþ=KPG

 
cHþþcOHþcPGA0þcNH3þcCEXþcPGþctitrant
cPGAþþcPGA0ð Þ
1þcHþ=KPGA

c
NHþ
4
þcNH3
 
1þcHþ=KNH3

c
CEX0
þcCEXð Þ
1þcHþ=KCEX

c
PG0
þcPGð Þ
1þcHþ=KPG
2
4
3
5 (25)
The external mass balance for PGA was given in the
main text; the ones for the other (weak) electrolytes, CEX–,
NH3 and PG
– are more straightforward:
dcCEX
dt
 
ex
¼ MCEX0 þMCEX
  cCEXKCEX
dcHþ
dt  1Vc
dVc
dt cCEX0 þ cCEXð Þ
1þ cHþ

KCEX
(26)
dcNH03
dt
 
ex¼
MNH03 þMNHþ4 
cNH0
3
KNH0
3
dcHþ
dt  1Vc
dVc
dt cNH03 þ cNHþ4
 
1þ cHþ

KNH3
(27)
dcPG
dt
 
ex
¼ MPG
 þMPG0  cPGKPG
dcHþ
dt  1Vc
dVc
dt cPG þ cPG0ð Þ
1þ cHþ

KPG
(28)
The conjugated counter forms of these biocatalytically
active components were calculated from their respective
equilibrium constants. For hydroxide ions, it follows from
the water equilibrium that:
dcOH
dt
 
ex
¼ K 0
W
d 1

cHþ
 
dt
¼ K
0
W
c2Hþ
dcHþ
dt
(29)
As a result of the addition of hydrochloric acid in the
continuous (water) phase, the concentration of the inert
chloride ions increases:
dcCl
dt
 
ex
¼ MCl þ RHCl  cCl

Vc
dVc
dt
(30)
The rate at which HCl is added to keep the external pH at
its set point is:
RHCl ¼ cHClVc
dVc
dt
 
ex
(31)
of which the last part was already declared in Eq. (25).
The internal mass balances are almost the same as the
external ones. The differences are the presence of enzyme,
i.e., enzymatic conversion terms (Rk), and the absence of
277
volume changes. As a final example, the internal mass
balances for PGA and 7-ADCA are given:
dc
PGA
0
dt
 
in
¼ MPGA0 þ rPGA  RCEX  RPG0 (32)
dc
7ADCA
dt
 
in
¼ M7ADCA  RCEX (33)
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